Three-dimensional terahertz computed tomography has been used to investigate dried human bones such as a lumbar vertebra, a coxal bone, and a skull, with a direct comparison with standard radiography. In spite of lower spatial resolution compared with x-ray, terahertz imaging clearly discerns a compact bone from a spongy one, with strong terahertz absorption as shown by additional terahertz time-domain transmission spectroscopy.
Introduction
Radiography is considered as one of the most efficient techniques to analyze biological tissues such as human bones. It offers submillimeter spatial resolution and highly contrasted images depending on the radiodensity, the thickness, and the composition of the materials [1, 2] . In the field of three-dimensional (3D) imaging, x-ray computed tomography (CT) is an ubiquitous technique, largely employed in medical imaging, which provides cross-sectional images of an object by analyzing the radiation transmitted by the sample through different incidence angles. However, the use of x-ray is sometimes not recommended regarding the ionizing power of the radiation and the difficulty of sample radiometric dating after x-ray irradiation [3] . Radiography also requires strict safety rules based on the knowledge of the radiation effects and on the principles of protection. Only licensed users can manipulate x-ray producing devices and perform radiographic examination, respecting safe operating procedures and ensuring the wearing of personal dosimeters. Besides, an under-exploited domain of the electromagnetic spectrum, known as the terahertz (THz) spectral region, has recently emerged as a possible powerful candidate for the analysis of opaque objects. Being nondestructive and contactless in nature, the THz wave can penetrate into nonconductive and nonpolar materials and offers complementary spectroscopic data for a better diagnosis and understanding of materials. THz imaging has been widely employed in the field of homeland security and more recently for the investigation of artwork related to cultural heritage in collaboration with curators from museums [4] [5] [6] [7] .
Surprisingly, up to now, very few studies have been conducted concerning the analysis of human bones by THz radiation. Mechanical properties of compact bone have been first investigated by THz timedomain transmission spectroscopy in the 0.1-1.25 THz spectral range [8] . No correlation was found between the values of the Young's modulus and the spectroscopic THz parameters. The authors concluded that THz spectroscopy cannot rival with dual energy x-ray absorptiometry (DEXA) to identify the bone mineral density. THz pulsed imaging has been used to measure the early symptoms of osteoarthritis [9] . In this study, THz reflection images of excised rabbit femoral condyles demonstrated that multiple reflections can provide quantitative information on cartilage substructure. Baughman et al. presented a spectral imaging of osseous tissues through time-domain transmission spectroscopy. However, their study was limited to identifying regions of different osseous tissue type within a thin cross section of the distal epiphysis from a chicken bone [10] . At last, Öhrström et al. compared x-ray and pulsed THz imaging in the case of an artificially embalmed ancient Egyptian human mummy hand and a macerated human lumbar vertebra [11] . They pointed out that conventional radiography naturally provided higher spatial resolution, whereas THz imaging was well-suited for the investigation of soft tissues such as cartilaginous structures.
None of these studies presented the alternative potential of THz radiation for 3D imaging using CT. Since the first demonstration of THz CT by Ferguson et al. in 2002 , few papers have been actually published since the technique suffers from strong limitations such as beam diffraction and severe Fresnel losses for high refractive index samples [12] [13] [14] [15] [16] [17] [18] . In this paper, after a characterization of the THz spectroscopic properties of human bone, we present the first 3D THz CT analysis of selected dried human bones associated with a direct comparison with conventional radiography. This study is focused on dried human bones, owing to the strong absorption of THz radiation by water. Therefore, the main goal of our work is not directly addressed to medical applications but rather to archeology or biological anthropology.
Experimental Methods

A. Materials
Human bones consist of compact and spongy bones. Compact bone is more dense, smooth, and homogeneous, whereas spongy bone is an open network structure, with small and irregular adjacent cavities. As the sample hydration state is of primary importance for THz transmission, our study has been limited to dried samples. For spectroscopic studies, pellets of bone samples have been prepared from a dried human femur. The compact bone pellet is very thin (0.265 mm) with a thickness precision of 0.005 mm obtained with a digital calliper. Such a thin pellet was required in order to properly measure the amplitude of the THz transmitted wave, as explained in the following section. The spongy bone pellet is much thicker (2 mm) owing the fragile nature of the highly scattering internal structure. Consequently, the spongy bone pellet will highly scatter the incoming THz radiation.
For imaging, we selected various relevant human bones such as a lumbar vertebra, a skull, and a coxal bone. The human bones were obtained from osteological collections at de la Préhistoire à l'Actuel: Culture, Environnement et Anthropologie (PACEA). They were selected according to their morphology and their internal structure. In this current study, only anatomic features useful for the optimal understanding of the images are indicated. The vertebrae belong to the irregular bones. They consist of a body and a vertebral arch constituted with costal (laterally) and spinous processes (posteriorly). A lumbar vertebra was chosen because of its morphology, with a broader and thicker body compared with other vertebrae [ Fig. 3(a) ]. These morphometric features will allow us to optimize the reading of the images. The processes are thin and mainly made of compact bone, whereas the vertebral body is mostly constituted of cancellous bone enclosed with a thin layer of compact bone. The vault of skull and the coxal bones constitute flat bones. Thin, flattened, and usually a bit curved, they have two roughly parallel compact bone surfaces, with a layer of spongy bone between. For the skull, only the vault is composed with flat bones, whereas the face and base ones are classified as irregular bones. Numerous flat and thin bones with varied morphology compose the face, and their specific architecture creates several cavities (frontal sinuses, maxillary sinuses, nasal cavity, etc.). We will discuss in the Section 3 the influence of these cavities on THz imaging. In our study, the skull is interesting because of its important volume, the presence of the two types of bone tissues (spongy bone and compact bone), and the numerous adjoining empty spaces of the face. The current analyzed skull was formerly partially restored with plaster particularly both in the lateral and superior parts of parietal bones [ Fig. 4(a) ]. Finally, we propose to analyze a coxal bone that is a great flat bone [ Fig. 5(a) ]. The ilium wing does illustrate the specific feature of flat bones with spongy bone sandwiched between two thin layers of compact bone. This bone presents differences of thickness both in its superior (ilium) and inferior (pubis and ischium) parts. X-rays can distinguish very well these differences. We will see in the Section 3 how THz radiation can differentiate them.
B. Methods
THz time-domain transmission spectroscopy (TDS) was performed in order to measure the THz transmittance of human bone. To this aim, we used an amplified laser system (800 nm, 1 kHz, 1 mJ, 50 fs) to produce a THz beam consisting in a single-cycle THz wave generated by the interaction of the fundamental and the second-harmonic laser pulses in ionized air [19] . After transmission through the sample, this wave is measured by electro-optical sampling in a 100 μm-thick h110i GaP crystal in the 0.3-8T H z spectral range, the lower frequency being limited by the THz emission within the plasma and the higher one by phonon absorption in the GaP crystal. This broadband spectrometer makes possible the evaluations of the frequency-dependent refractive index and absorption coefficient of the samples. The determination of the refractive index is important in order to quantify the deviation of the THz beam in the case of oblique incidence due to Fresnel laws, whereas the characterization of the absorption coefficient will indicate the global attenuation of THz radiation after propagating through bone samples.
The experimental setup of the continuous wave THz imaging system-shortly called the "THz scanner"-has already been described [20] . Briefly, it consists of a compact millimeter wave Gunn diode (110 GHz, 20 mW) coupled with a horn antenna (Fig. 1) . The output beam is focused on the sample, which is positioned on two-axes XY motorized stages. At the sample position, the beam diameter is diffraction limited and the final image is obtained point-by-point by raster scanning the sample in both horizontal and vertical directions. For the detection, we used a commercial low-cost pyroelectric sensor (Gentec EO) and an optical chopper connected to a lock-in amplifier. A two-dimensional (2D) transmission image of the sample is obtained by moving the object in the X and Y directions with a scan step of 1 or 2 mm in both directions. Owing to the low frequency of the emitting source, the spatial resolution of the THz scanner is limited to a few millimeters (110 GHz corresponds to a wavelength of 2.7 mm). This is a strong limitation of the system for the analysis of human bones that require for imaging a spatial resolution better than 1 mm. With a scan speed of 5 pixels ∕s, the acquisition time for a (100 × 100) pixels image size is about 30 min. This portable THz scanner is well adapted for on-site imaging since its volume is about (500 mm × 500 mm × 500 mm) with a total weight less than 20 kg. Moreover, as pointed out in the introduction, the imaging system is easy to install and completely safe for the sample and the operator, unlike radiography.
For 3D reconstruction, the sample is rotated in order to provide a different visualization of the object, such as in x-ray CT. From these tilted series, we are able to construct the sinogram of the object that represents, for a given horizontal slice, the evolution of the transmitted THz amplitude as a function of the rotation angle. Here, to get a reasonable acquisition time for 3D imaging, we selected a rotation step of 10°. In this case, we obtained the corresponding 18 projections in nearly 9 h. In this procedure, it is important to position the rotation axis exactly in the middle of the 2D transmission images for any projection angle to avoid any future reconstruction artifacts due to lateral shifting. Moreover, as explained in our previous work, the 10°rotation increment has been selected as a compromise between acquisition time and 3D imaging quality represented by spatial resolution, contrast, intensity, and geometric preservation [26] . For the final 3D reconstruction, we used the standard backprojection of the filtered projections (BFP) algorithm [21] . This reconstruction process is based on the inverse radon transform [22] , which computes the final pixel values from the filtered projections. It is widely developed in x-ray CT scan imaging and also used in THz CT. As will be shown in the following section, this standard algorithm is suitable for the final 3D reconstruction even if it is well known that it suffers from several disadvantages such as beam hardening, noise sensitivity, and geometric degradation in case of an insufficient number of projections. In a previous study, we tested alternative iterative reconstruction methods for THZ CT, such as the simultaneous algebraic reconstruction technique (SART) [23] or the ordered subsets expectation maximization (OSEM) method [24, 25] , with equivalent accuracy and imaging quality to BFP [26] . For a limited number of projections (typically less than 15), we emphasized a quantitative degradation of the BFP reconstruction, whereas the SART method can already offer optimized reconstruction quality. However, in this study, we selected the BFP algorithm for 3D reconstruction since it is extensively proposed in most of CT software tools.
For standard radiography, we used a medical x-ray tube including a rotating anode with a tungstenrhenium target on a molybdenum core. In order to properly visualize the structural characteristics of the human bones, three physical parameters were selected: the potential difference between the anode and the cathode of the x-ray tube corresponding to the penetrating power (42-45 kV), the tube current (50 mA), and the beam intensity related to the exposure time (25 mAs). 
Results and Discussion
A. THz Time-Domain Transmission Spectroscopy
At first, the spongy bone pellet was analyzed but the amplitude of the THz transmission was too weak compared to the noise level to quantitatively analyze this sample. The reason arises from the highly diffusive nature of this sample even if its thickness has been decreased as much as possible, as previously explained. For a quantitative study of this sample, a more precise analysis is in progress, taking into account the real scattering nature of the sample, according to the recent work of Joly et al. [27] .
THz time-domain transmission spectroscopic properties of the compact bone pellet is presented in Fig. 2 . In spite of the broadband time-domain spectrometer (0.3-8 THz), the data are limited to the 0.3-2.75 THz spectral range owing to the strong absorption of THz radiation at higher frequencies. We observed that the refractive index slightly increases from 1.92 to 1.97 within the 0.3-1.9 THz spectral range (blue curve). This measurement slightly differs from that of Stringer et al. (mean refractive index between 2.2 and 2.6, derived from the time-domain signal) [8] . One reason can be the problem of indirect comparison of biological tissues, which is always difficult owing to the inevitable presence of inhomogeneous structures within the samples. At higher frequencies, the amplitude of the refractive index fluctuates owing to poor signal-tonoise ratio. For THz CT, an important conclusion of this measurement is that the relatively high refractive index of compact bone will significantly deviate the direction of propagation of THz radiation in the case of oblique incidence onto the sample, according to the Fresnel laws. The absorption coefficient of compact bone also gradually increases from 10 to 420 cm −1 in the 0.3-2.75 THz spectral range (red curve). This additional important result shows that THz imaging of human bone is almost impossible at frequencies higher than 1 THz owing to a very high THz absorption, probably due to the presence of inorganic materials into the samples, such as minerals (calcium) that represent the major components of the osseous tissues. To minimize the attenuation of THz radiation, it is more suitable to select a sub-THz frequency in spite of the degradation of imaging transverse resolution. The extrapolation of previous measurements provides an absorption coefficient less than 5 cm −1 at 110 GHz, corresponding to the emission frequency of the THz scanner. This estimation is in agreement with the direct evaluation of the absorption coefficient of compact bone α 2.5 0.5cm
at this frequency obtained with use of the 110 GHz source. Considering the signal-to-noise ratio of 10; 000∶1 for the THz scanner, we can conclude that the total thickness of the compact bone should be roughly limited to 15 mm for effective imaging. As pointed out previously, besides the limited spatial resolution, this weak penetration depth constitutes another strong limitation of THz imaging compared to x-ray for the analysis of human bones.
B. 2D THz Computed Tomography and Radiography
Figure 3(a) shows the photograph of the dried human lumbar vertebra (superior view). The radiograph easily distinguishes with a submillimeter spatial resolution the two different types of bone structure, in particular the spongy bone microstructure [ Fig. 3(b) ]. As previously mentioned, the body of the vertebra is mainly composed with spongy bone, appearing in black on the radiograph and reflecting its low radiopacity. On the contrary, the limits of the body and the vertebral arch are made of more radiopaque compact bone. In spite of the reduced spatial resolution, THz imaging also reveals the density variations of the sample, indicating that compact bone exhibits higher THz absorption than the spongy one at 110 GHz [ Fig. 3(c) ]. This additional observation was not possible by previous THz time-domain spectroscopy, as described above. We can also notice that the microspaces into the spongy bone do not disturb the propagation of the sub-THz wave [black area in the body of the vertebra, Fig. 3(c)] .
Similarly, Fig. 4(a) shows the photograph of the dried human skull (right lateral view). The radiograph of the skull exhibits the limits of the cranial vault, the coronal suture indicated by the red arrow in the figure, the whole details of the face with the different cavities and the maxilla [ Fig. 4(b) ]. The dark zones on the radiograph arise from the empty spaces. THz imaging provides some similarities such as the important THz beam absorption by the vault bones and regions where the plaster is present (in the lateral and superior parts of parietal bones) [ Fig. 4(c) ]. The base and the face of the skull exhibit the same THz absorption except at the level of the orbital cavities. This can be explained by the multiple spaces in the base and the face of the skull that scatter the THz wave. Besides, in the case of a single cavity with smooth walls like those of the cranial vault, we clearly observed that the THz beam is not disturbed providing a higher THz transmission. Finally, the imaging of the coronal suture by both The coronal suture is formed by the union of two borders possessing serrated edges that articulate them together. Directly in the coronal suture region, the bone thickness is weaker and some little spaces can be present due to the possible postmortem fragmentation. This can explain the reason why on the radiograph the coronal suture appears darker than the rest of the cranial vault. However, in the THz image, the stronger THz absorption noted in this region may arise again from the scattering of the THz wave. In this example, a clear difference can thus be observed between x-ray and THz imaging.
C. 3D THz CT
For 3D THz CT, we investigated the dried right coxal bone [photograph in Fig. 5(a) ]. As noted previously, the coxal bone belongs both to flat bones (in the wing of ilium) and irregular bones (in the inferior part).
On the radiograph, the wing of ilium is radiolucent, whereas the inferior part of the coxal bone is more radiopaque [ Fig. 5(b) ]. This result confirms the spongy structure of the wing of ilium and the higher proportion of compact bone in the inferior part associated with the higher thickness of the sample in this region. THz imaging properly illustrates all these characteristics with comparable color gradient [ Fig. 5(c) ]. Especially, in the wing of ilium where the THz absorption is reduced owing to its spongy nature, the x-ray and THz images look alike with the presence of well-defined absorption zones in the borders and in the lower part of the ilium wing. This additional example demonstrates the similarity of both methods for the imaging of spongy bone in spite of the lower spatial resolution of THz imaging. For 3D THz imaging, as previously explained, we selected a sample rotation step of 10°from 0°to 170°. A whole visualization of the tilted series is available in Media 1. In spite of a poor spatial resolution, the projection THz images make it possible to differentiate compact and spongy bone into the sample, especially in the wing of the ilium. From these data, using the BFP algorithm, we can get a full 3D tomographic reconstruction of this coxal bone. Figure 7 (a) presents the 3D volumic reconstruction in order to qualitatively visualize the internal structures of the sample (also available in Media 2). Here, it is worth noting that the black hole appearing in the central part of the ilium wing comes from the relative transparency of the sample in this region. Another representation is given in Fig. 7(b) , where the orthoslices with axial, coronal, and sagittal views make it possible to get some specific visualizations of the sample (also available in Media 3). This additional representation can be very useful on a practical point of view in order to analyze the images separately with a specific viewing angle.
Conclusion
2D and 3D THz imaging have been compared to conventional radiography for the analysis of selected dried human bones. Radiography remains the standard imaging method for the analysis of the human skeleton with high penetration depth and submillimeter spatial resolution. Using THz time-domain transmission spectroscopy, we determined the refractive index and absorption coefficient of compact bone in the 0.3-2.75 THz spectral range and concluded that THz imaging of bone tissues requires a sub-THz frequency owing to the high-THz absorption of bone material. Finally, using a Gunn diode at 110 GHz, we demonstrated that THz radiation can appear as an alternative and promising nonionizing electromagnetic wave to differentiate the two types of osseous tissues such as compact and spongy bones. 
